Objective-Breastfeeding is linked to lower rates of childhood obesity. Human milk contains cortisol, known to regulate glucose storage and metabolism. We aimed to test the hypothesis that early exposure to cortisol in human breast milk helps to modulate infant BMI trajectories over the first two years of life.
Introduction
Nearly 17% of children in the United States are obese before the age of 9. 1 Children with obesity are more likely to experience negative psychological outcomes (e.g. poor body image, depressive symptoms) and are at higher risk for cardiovascular, metabolic, and pulmonary disorders as adults. 2 Several meta-analyses have concluded that breastfeeding confers protection against childhood obesity and appears a promising target for prevention. 3, 4 In a prospective study of over 40,000 Japanese children, for example, infants exclusively breastfed for the first 6 months of life exhibited slower increases in BMI from 1 to 8 years-of-age and had lower BMIs at 8 years-of-age compared to exclusively formula-fed infants. 5 Despite the evidence linking breastfeeding to reductions in childhood obesity, the underlying biological mechanisms are not fully understood. 3, 4 Glucocorticoids in breastmilk may modulate obesity risk. Glucocorticoids play a critical role in maintaining the delicate hormonal equilibrium that controls metabolism in mammals, 6 and even slight variations in exposure to glucocorticoids in early development can exert lasting impacts on metabolism throughout the lifespan. 7 Prenatal exposure to cortisol, for example, predicts birth weight and weight gain patterns in early life, 7 both of which are important determinants of lifetime obesity risk. 8 Human milk contains cortisol transferred from plasma. 9 Ingested milk glucocorticoids readily cross the intestinal epithelial barrier into neonatal plasma and the brain. 10 Further, milk glucocorticoids predict infant growth patterns in rodents and non-human primates. 11, 12 To test whether early cortisol exposure through human milk modulates child metabolism, we examined the impact of early exposure on children's Body Mass Index Percentile (BMIP) over the first two years of life.
Methods
Participants included 51 adult breastfeeding mothers and their full-term, singleton infants (25 boys, 26 girls) who were enrolled in a larger longitudinal study investigating early life influences on child development. Eligibility criteria included English fluency and singleton intrauterine pregnancy. The study was approved by the Institutional Review Board at the University of California, Irvine. The current study includes full-term infants with milk cortisol data and child BMIP data from at least two time points (see Table 1 for sample characteristics).
Infant length and weight were measured at birth and at 3, 6, 12, and 24 months of age. Mothers undressed their child and weight was recorded using a digital infant scale (Mid Mark, Versailles, OH). Infant length was measured in the supine position on a pediatric exam table. A standard sliding height rod was used at 2 year. Body mass index (BMI; weight kg/height m 2 ) was standardized using percentiles accounting for age and sex within the LMS model 13 for child growth standards provided by the World Health Organization. 14 Milk samples were collected at the 3-month visit. Milk cortisol concentrations were determined by chemiluminescent immunoassay (see Supplemental Materials). 15 Milk cortisol levels were log transformed to improve distribution normality and z-scored to ease model interpretation.
Random-effects growth curve modeling was used to estimate changes in BMIP, weight, and length for each infant from 3 months to 2 years-of-age (level 1 variable) as a function of milk cortisol exposure at 3 months (level 2 variable). To address potential confounding variables, linear regression tested infant characteristics (sex, birth weight percentile, and gestational age at birth) and maternal characteristics (age, education, income, parity, prepregnancy BMI, weight gain in pregnancy, or ethnicity) as predictors of milk cortisol levels (see Table 2 ). Weight gain during pregnancy inversely predicted milk cortisol (see Table 2 ), as did time of sample collection (β = −0.27, p = .05), consistent with cortisol's diurnal rhythm. Both variables were therefore included as covariates in all further analyses.
Results
Consistent with infant growth patterns in the US, 1 infant BMIP increased from 3 months to 2 years-of-age (intercept: Coef = 0.509, SE = 0.033, t = 15.51, p < .001; Slope: Coef = 0.009, SE = 0.002, t = 5.05, p < .001; see Table 1 ). Infants exposed to higher milk cortisol levels at three-months postpartum exhibited significantly less BMIP gains over the first 2 years of life compared to infants exposed to lower milk cortisol levels (Coef = −0.004, SE = 0.002, t = − 2.05, p = 0.046) (see Figure 1) . Further, by 24 months, infants exposed to higher levels of milk cortisol had lower BMIPs than infants exposed to lower levels of milk cortisol (Coef = −.09, SE = .04, t = −2.41, p = .020). Milk cortisol was unrelated to infant BMIP at 3 months.
Infant sex moderated the effect of milk cortisol exposure on changes in BMIP trajectories (Coef = − 0.009. SE = 0.004, t = −2.23, p = 0.031; See Figure 1 ). Girls exposed to higher milk cortisol exhibited more stable BMIPs over the first 2 years of life, whereas girls exposed to lower milk cortisol exhibited clear BMIP gains (Coef = −0.007, SE = 0.003, t = −2.54, p = 0.018). In boys, milk cortisol exposure at 3 months did not significantly predict changes in BMIP from 3-24 months.
Follow-up analyses tested whether milk cortisol predicted changes in infant weight and length. Milk cortisol did not predict weight gain. However, infants exposed to higher levels of milk cortisol grew taller faster (Coef = .053, SE = .015, t = 3.44, p = .001) and were taller by age 2 (Coef = 1.15, SE = .39, t = 2.97, p = .004) compared to infants exposed to lower milk cortisol. The relation between milk cortisol and changes in infant length was not moderated by infant sex and was independent of the association between milk cortisol and infant BMIP. Follow-up tests also revealed no effects or interactions of infant temperament, breastfeeding exclusivity, time of breastfeeding cessation, or birth weight on any of the aforementioned findings (see Supplemental Materials).
Discussion
As hypothesized, we found evidence that cortisol exposure via human milk contributes to early metabolic programming. We found that higher milk cortisol exposure predicted lower absolute BMIP at 2 years-of-age; previous research shows that rapid BMI increases during infancy and higher BMI at age 2 predict adult obesity. 2, 8 Further, higher milk cortisol exposure was protective against rapid BMIP gains in girls in our sample. Together, these findings suggest that early milk cortisol exposure may provide protection against later obesity.
The relation between early glucocorticoid exposure and infant metabolism is complex, moderated by factors such as timing of exposure, circulating levels, and sex. Both endogenous and exogenous exposure to excessive levels of cortisol during pregnancy have been previously linked to obesity risk factors (i.e. low birth weight and "catch-up" growth). 7, 16 Crucially, however, maternal cortisol normally increases across gestation, and typical elevations at the end of pregnancy benefit infant lung development, 16 exemplifying a positive developmental role for cortisol. Likewise, breastmilk cortisol ingestion facilitates maturation of the infant's intestines, lengthening microvilli which allows for greater nutrient absorption. 17 Absorbing more nutrients before weaning protects against adult obesity in rodent models, particularly under conditions of later overfeeding. 18 Speculatively, therefore, milk cortisol may similarly improve obesity outcomes in humans, in part, by facilitating intestinal maturation.
We found that early milk cortisol exposure predicts taller, leaner phenotypes. This result agrees with animal models suggesting that milk cortisol may trigger heightened investment in somatic growth at the expense of energy storage. 11, 12 Cortisol exposure early in development may also exerted stronger influences on the phenotypic programming of girls than boys in our sample, similarly echoing patterns observed in previous research. For example, milk cortisol exposure has been observed to predict infant temperament in girls, but not boys 15 (although animal studies have found non-sex-specific and male-specific effects). 11, 12 Methodologically, the prospective design and carefully characterized sample utilized in this study allowed us to rule out important potential confounds (e.g., maternal BMI, maternal prenatal weight gain, birth weight, gestational age at birth). However, as this study was limited by a relatively small sample size, caution is warranted in generalizing to more diverse populations. Moreover, correlational studies cannot establish causality. Other factors (e.g., particular feeding practices) might co-vary with milk cortisol levels and infant BMIP. Finally, we did not have information about breastmilk energy content, whereas primate studies suggest a positive correlation between glucocorticoids and caloric concentration in milk. 11 If this relationship holds in humans, then milk calories are unlikely to account for our BMIP findings.
The results of this study underscore the need for further investigation of the determinants of milk cortisol in humans. In this study, maternal weight gain in pregnancy predicted milk cortisol, suggesting that milk cortisol levels could represent one pathway through which maternal energetics influence infant growth patterns. Maternal plasma concentrations of glucocorticoids predict about 35% of the variance in milk glucocorticoid levels. 11 Therefore, factors known to influence plasma cortisol levels (e.g., psychological stress) warrant investigation. Further research is also needed to assess the relation between cortisol and other bioactive factors in milk linked to childhood adiposity (e.g., adiponectin, EGF and EGF-R). 19 
Conclusion
These findings suggest that cortisol in human milk is another avenue through which early glucocorticoid exposure helps shape infant metabolism. Further, because infant formula contains only trace amounts of glucocorticoids, 20 milk cortisol may represent a novel biological pathway through which breastfeeding protects against obesity.
Bullet Point Summaries

What is already known about this subject?
Breastfeeding is associated with lower rates of obesity in childhood and adulthood.
Exposure to glucocorticoids early in development can modulate metabolism and shape later obesity risk.
What does this study add?
Cortisol exposure via human milk may be another avenue through which early glucocorticoid exposure regulates infant metabolism.
Cortisol in human milk is a novel and plausible biological pathway through which breastfeeding could provide protection against childhood obesity. Girls exposed to higher milk cortisol levels at three-months of age exhibited significantly less BMIP gains over the first 2 years of life compared to girls exposed to lower milk cortisol levels. By 24 months of age, infants, regardless of sex, exposed to higher levels of milk cortisol had lower BMIPs than infants exposed to lower levels of milk cortisol. For graphing purposes, high and low cortisol levels were estimated for milk cortisol levels at one standard deviation above and below the mean, respectively. The model estimates are adjusted for maternal weight gain in pregnancy and the time of day of the milk cortisol collection. Infant age was modeled as a continuous variable (in months). Note: Linear regression models were run for each factor individually, adjusting for time of milk sample collection. Infant sex was coded as 0 = Male, 1= Female. Marital status was coded as 0 = unmarried, 1 = married.
